Purpose: The purpose of this study was to compare quantitative diffusion tensor imaging metrics in dogs affected with a model of Krabbe disease to age-matched normal controls. We hypothesized that fractional anisotropy would be decreased and radial diffusivity would be increased in the Krabbe dogs. Methods: We used a highly reproducible region-of-interest interrogation technique to measure fractional anisotropy and radial diffusivity in three different white matter regions within the internal capsule and centrum semiovale in four Krabbe affected brains and three age-matched normal control brains. Results: Despite all four Krabbe dogs manifesting pelvic limb paralysis at the time of death, age-dependent differences in DTI metrics were observed. In the 9, 12, and 14 week old Krabbe dogs, FA values unexpectedly increased and RD values decreased. FA values were generally higher and RD values generally lower in both regions of the internal capsule in the Krabbe brains during this period. FA values in the brain from the 16 week old Krabbe dog decreased and were lower than in control brains and RD values increased and were higher than in control brain. Conclusion: Our findings suggest that FA and RD in the internal capsule and centrum semiovale are affected differently at different ages, despite disease having progressed to pelvic limb paralysis in all dogs evaluated. In 9, 12, and 14 week old Krabbe dogs, higher FA values and lower RD values are seen in the internal capsule. However, in the 16 week old Krabbe dog, lower FA and higher RD values are seen, consistent with previous observations in Krabbe dogs, as well as observations in human Krabbe patients.
Introduction
Diffusion tensor imaging (DTI) is a magnetic resonance imaging (MRI) technique that allows one to noninvasively and quantitatively measure the magnitude and direction of microscopic water movement within tissues. This is considered particularly valuable in the study of neuronal white matter, in which the microscopic movement of water molecules may reflect changes in microstructural and extracellular components that are specific to this tissue; these components include myelin, cytoskeletal structures within axons, cell membranes and extracellular macromolecules. 1, 2 DTI can be used to generate multiple metrics to describe and quantify the microscopic movement of water molecules, such as fractional anisotropy (FA), a measure of the non-random microscopic movement of water molecules within a voxel, and radial diffusivity (RD), a measure of the magnitude of water movement perpendicular to the major axis of diffusion. 3 These measures may reflect the structure and integrity of white matter; in particular, increased RD has been correlated with measures of decreased myelination in previous studies by our group and other researchers, [4] [5] [6] and decreased FA has been found in animal models of demyelination versus normal controls. 4, 7 The use of these metrics to study white matter non-invasively may allow researchers to better understand normal brain anatomy and development, as well as to quantify the effects of neurological disease on neuronal tissue and its response to treatment.
The use of DTI metrics in animal models may allow researchers to better understand the pathophysiology of central nervous system disease and its response to novel treatments not yet studied in humans. In particular, the canine brain is an excellent model for human neurological disease, as it is susceptible to multiple types of pathology that also occur in the human brain, such as gliomas, stroke, encephalitis, and the development of amyloid plaques and angiopathy in the aging brain. [8] [9] [10] [11] [12] The use of canine models has led to the development of experimental therapies for hereditary diseases for which no cure exists, and has allowed researchers to follow responses to novel treatments for neurological disease, such as intrathecal enzyme replacement. 13, 14 Canine models of lysosomal storage diseases, such as Krabbe disease, provide a particularly valuable opportunity to study white matter pathology and its response to treatment. Krabbe disease, also known as globoid cell leukodystrophy, is an autosomal recessive disorder that causes toxic accumulation of galactolipids in neuronal tissue. In humans, this leads to progressive neurological decline that has widely variable onset corresponding with neuroimaging findings. 15 More than 70 gene mutations have been identified in Krabbe disease in humans, which manifests in different forms with different onset, including infantile, late infantile, juvenile, and adult forms. In contrast, disease in dogs may be caused by a single, identical gene mutation resulting in nervous system manifestations of Krabbe disease which have a more regular onset and progression than in human patients. 16, 17 Disease progression and clinical manifestations in dogs are most similar to the juvenile form of the disease in humans. The canine form of the disease typically presents with ataxia and hind limb weakness at two to five months of age, and symptoms of disease progression include pelvic spinal ataxia, head tremor, dysmetria, and ultimately pelvic limb paralysis. 16, 17, 18 Clinical decline typically necessitates euthanasia by about 16 months of age. Pathological abnormalities in the white matter of these canine models include the massive accumulation of globoid cells, gliosis, and lymphocytic perivascular cuffs. 16 Other findings using magnetic resonance spectroscopy are indicative of neuronal loss and myelin turnover. 19 High-resolution DTI of these canine models ex vivo may provide information about the pathophysiology of these diseases that may not be readily discernible from human patients in vivo. Scanning specimens ex vivo allows one to use longer scan times without motion artifact and therefore achieve significantly higherresolution imaging. In particular, quantitative comparisons of DTI metrics between Krabbe and unaffected controls, as well as between affected and control specimens of differing ages, may allow researchers to better understand the pathophysiology and progression of Krabbe disease and to measure responses to treatment quantitatively.
Previous studies by our group and our partner researchers have compared DTI metrics in a single dog affected with Krabbe disease versus a non-agematched, unaffected control using single small regions of interest (ROIs) placed throughout the brain. 17 However, to our knowledge no studies have quantitatively compared DTI metrics between age-matched affected and unaffected dogs within specific white matter brain regions using a highly reproducible interrogation technique. Furthermore, to our knowledge no studies have quantitatively compared DTI metrics within specific brain regions between age-matched pairs and between affected and unaffected specimens of differing ages. Our goal in the present study was to compare DTI metrics within specific white matter regions between age-matched pairs of dogs at three different age points, all manifesting pelvic limb paralysis, which is a defined humane endpoint, using a highly reproducible ROI interrogation technique. 20 Previous studies of DTI metrics by our group have shown decreased FA and increased RD in canine models of other neurological diseases affecting white matter microstructure. 21, 22 Furthermore, DTI studies of human patients with Krabbe disease have shown decreased FA and increased RD in cerebral white matter in Krabbe affected patients compared to normal controls. 23, 24 Therefore, we hypothesized that, when compared to normal age-matched controls, Krabbe affected specimens would demonstrate decreased FA and increased RD in all white matter regions studied, reflecting disruption of white matter microstructure that would normally restrict the random diffusion of water. Furthermore, each affected canine was euthanized after manifesting pelvic limb paralysis for humane purposes; however, pelvic limb paralysis may not be related to brain white matter pathology, and disease in the brain white matter may have progressed to a different point in each specimen at the time of euthanasia. Therefore, we hypothesized that FA would decrease and RD would increase with increasing age in the Krabbe affected specimens, reflecting disease progression in the brain's white matter, while FA would increase and RD would decrease with increasing age in the unaffected specimens, reflecting normal white matter development, as seen in earlier studies in human brains. 25 
Methods

Study population
The study population consisted of seven individual canine brain hemispheres provided by our partner researchers at the University of Pennsylvania. Of these seven specimens, four were harvested from dogs affected by a canine model of Krabbe disease, with one at each of the following ages: 9 weeks, 12 weeks, 14 weeks and 16 weeks. In all four animals, disease had progressed to pelvic limb paralysis which was the defined endpoint for humane euthanasia. The remaining three specimens were harvested from unaffected canines at the same institution with one each at ages 9 weeks, 12 weeks and 17 weeks. Thus, the study population consisted of three pairs of age-matched controls as well as a single affected dog aged 14 weeks.
Specimen acquisition and preparation
All dogs were euthanized according to University of Pennsylvania's Institutional Animal Care and Use Committee (IACUC). At the University of Pennsylvania, each dog was administered intravenous heparin (0.5 ml, 500 U/dog) 10 minutes before being euthanized with an overdose of intravenous barbiturates. Transcardial perfusion was performed with 0.9% sodium chloride solution through the left ventricle while blood was drained from the right atrium to exsanguinate the carcass. The brains were fully removed from the skulls, sectioned into single hemispheres, and one half was placed in a solution of 10% formalin. For each brain except the 9 week control, the fixed hemisphere was shipped to Duke University for DTI analysis, while the remaining hemisphere was kept at the University of Pennsylvania for future histological and biochemical studies. For the 9 week control, the whole brain was shipped to Duke University and was scanned intact, but only the hemisphere ipsilateral to the 9 week affected hemisphere was included in our analysis.
Two weeks before image acquisition, all specimens were immersed in a solution of 1% ProHance in phosphate-buffered saline (pH 7.4) in order to allow the contrast material to diffuse into brain tissue. This process shortens the T1 relaxation time of the tissue, allowing for a shorter image acquisition time by decreasing repetition time (TR).
Imaging
All specimens were scanned using an identical protocol on a 7T small-animal magnetic resonance imaging (MRI) system (Magnex Scientific, Yarnton, Oxford, UK) equipped with 670 mT/m resonance research gradient coils (Resonance Research Inc., Billerica, MA, USA) using a 65 mm internal diameter quadrature radiofrequency (RF) coil (M2M Imaging, Cleveland, OH, USA). The system was controlled with a General Electric Signa console (GE Medical Systems, Milwaukee, WI, USA). The images were acquired using a custom-designed six direction diffusionweighted spin-echo pulse sequence (TR 100 ms, echo time (TE) 18.1 ms, number of excitations 1, b value 1506 s/mm 2 ). All specimens were scanned ex vivo to support longer scan times that result in significantly higher image resolution. In-vivo specimens would be subject to motion artifact that would lead to significantly poorer image quality and would be too large to fit in the small-bore 7T MRI system.
The acquisition matrix was optimized to fit the dimensions of each canine brain and adjusted for a field of view producing a Nyquist-limited isotropic voxel size of 100 lm and a slice thickness of 200 lm. Diffusion imaging preparation was performed using a modified Tanner-Stejskal diffusion-encoding scheme with a pair of unipolar, half-sine diffusion gradient waveforms. Total acquisition time was approximately 12 hours for each specimen. Following image acquisition, the data for each brain were then smoothed using the SUSAN de-noising algorithm implemented in the FMRIB Software Library (FSL) with a three-voxelkernel radius. For each brain, maps of the three eigenvalues, the three eigenvectors, and FA were reconstructed using Diffusion Toolkit version 0.6.2. RD was calculated by averaging the k 2 and k 3 eigenvalues, which represent the two non-dominant diffusion axes as discussed above, using ImageJ version 1.5. FA and RD were calculated using the equations below.
or the mean of the eigenvalues, referred to as mean diffusivity
DTI metric acquisition
Multiple square, non-overlapping ROIs were placed on coronal sections of the B0 map for each brain using ImageJ according to the criteria described below, following the technique described by Li et al. 20 These ROIs were then applied to the eigenvalue and FA maps to measure the mean value of each metric within each ROI in three white matter regions. RD was calculated from the k 2 and k 3 eigenvalues using equation (2) above. This process was repeated for each specimen.
ROI placement
We interrogated three white matter regions in each of the present specimens: anterior and posterior regions in the internal capsule (referred to as AIC and PIC, respectively), and a region in the anterior half of the centrum semiovale. These regions were selected for their high volume of white matter and capacity to support many non-overlapping square ROIs, and because previous studies of canine models of Krabbe disease have shown abnormal MRI findings in these regions. 24 The posterior half of the centrum semiovale was not studied because it was too narrow in the affected brains to support square ROIs of sufficient size.
Each region was sampled using the highly reproducible ROI interrogation mentioned above. 20 For each region, 10 contiguous image slices containing the most robust white matter volume in each region were selected and defined using anatomical landmarks to ensure that comparable slices were sampled in each specimen. All image slices were in the coronal section following human slice orientation conventions. Each region was then sampled by placing five square, non-overlapping ROIs per slice within the anatomical boundaries described below, for a total of 50 ROIs per region, avoiding the inclusion of any gray matter striations or perivascular spaces. All ROIs placed were 64 pixels large in accordance with previous studies, 20 and were selected to maximize signal-to-noise ratio and reproducibility. All ROIs were centered within the anatomical boundaries of the region under investigation; no more than one third of any single ROI extended beyond these boundaries, and no single ROI extended into non-white matter brain regions.
Anatomical boundaries for ROI placement and anatomical landmarks for slice selection in each of the three white matter regions are described below. Examples of ROI placement are shown in Figure 1 .
Anterior internal capsule. The anterior portion of the AIC was defined as the portion bounded medially only by the caudate. In coronal section, the dorsal border of the AIC was defined as an imaginary line drawn from the superior tip of the caudate to the superior tip of the claustrum. The ventral border was less distinct because the internal capsule is contiguous with the cerebral peduncles ventrally, so all ROIs were placed in the dorsal-most portion of the interior capsule. For all specimens, 10 contiguous slices were sampled, and the caudal-most slice sampled was the rostral-most slice containing the decussation of the anterior commissure.
Posterior internal capsule. The PIC was defined as the portion of the internal capsule passing between the claustrum and both the caudate and thalamus. In coronal section, we again defined the dorsal border of the internal capsule as the imaginary line drawn from the tip of the caudate to the tip of the claustrum. Again, the ventral border was less distinct because the internal capsule is contiguous with the cerebral peduncles ventrally, so all ROIs were placed in the dorsal-most portion of the interior capsule. In all specimens, the PIC spanned 30 slices, and solely the middle 10 slices were sampled.
Centrum semiovale. The centrum semiovale was defined as the thick strip of white matter between the superior portion of the internal capsule and the lateral border of the corpus callosum, which was defined as the imaginary horizontal line drawn from the supero-lateral aspect of the lateral ventricle. Ten contiguous slices containing the most robust portions of the centrum semiovale were sampled in each specimen. In all specimens, the caudal-most slice selected was the rostralmost slice containing the decussation of the anterior commissure. In each slice in all specimens, five ROIs were placed in an arc following the contour of the superior tip of the caudate.
DTI metric comparisons
Mean values of FA and RD were compared by calculating 95% confidence intervals using the standard error of the mean with sample size equal to the number of ROIs measured in each region (50 for each region in each specimen). Differences were deemed statistically significant when no overlap was seen in 95% confidence intervals. ) in the unaffected control.) All differences were significant except for except for FA in the PIC. All results are depicted in Figures  2 and 3. 12 Week canines. Differing findings were found in the internal capsule than in the centrum semiovale. In the Krabbe affected specimen, in the centrum semiovale FA was significantly decreased and RD was significantly increased compared to the normal control. 9 Week canines. A similar pattern of differing findings was found in the internal capsule and the centrum semiovale in the 9 week canines as was seen in the 12 week canines.
Results
Age
In the centrum semiovale, FA was significantly decreased and RD was significantly increased in the Krabbe affected specimen versus the normal control. 
Multi-age comparisons
Mean values of FA and RD in each region were also compared across ages within each phenotype. For this comparison, mean values of each metric in each region were compared between each dog and the younger and older dog of the same phenotype using 95% confidence intervals. (For example, the 12 week Krabbe specimen was compared to the 9 week and 14 week Krabbe specimen.)
Krabbe specimens. In all regions in the Krabbe affected specimens, mean FA increased with increasing age from 9 weeks until 14 weeks of age and decreased at 16 weeks of age. Mean RD decreased with increasing age from 9 weeks until 14 weeks of age, and increased at 16 weeks of age. These findings were statistically significant in both regions in the internal capsule with the following exceptions: RD between the 9 week and 12 week specimens in the AIC, and RD between the 12 week and 14 week specimens in the PIC. 
Discussion
In this study, we set out to compare quantitative DTI metrics in three specific white matter brain regions in a canine model of Krabbe disease compared to normal age-matched controls at three different age points. In addition, we compared DTI metrics in these brain regions in four Krabbe dogs, each of which had progressed to pelvic limb paralysis, although the ages at which this occurred differed. We hypothesized that, when compared to normal age-matched controls, Krabbe affected specimens would show decreased FA and increased RD values in all white matter regions studied, reflecting disruption of white matter microstructure. 4, 7, 21, 22 Furthermore, we hypothesized that, while FA would increase and RD would decrease with increasing specimen age in all white matter regions in the normal controls, FA would decrease and RD would increase with increasing age in the Krabbe affected specimens, reflecting disease progression in brain white matter.
Findings in the oldest age-matched pair of dogs were consistent with our hypothesis and with previous observations in the Krabbe dog and in human patients, 17, 23, 24 with decreased FA and increased RD in the Krabbe affected brain. However, we did not find this relationship to be present before the age of 16 weeks despite the younger dogs having progressed to pelvic limb paralysis. Instead, observed found significantly increased FA and significantly decreased RD in both segments of the internal capsule in the 12 week Krabbe dog vs. the normal control. In the 9 week dogs, FA was significantly increased and RD significantly decreased in the posterior portion of the internal capsule in the Krabbe dogs, although these differences from controls were less marked than in dogs aged 12 weeks. On the other hand, the findings in the centrum semiovale in dogs aged 9 weeks and those aged 12 weeks were consistent with our hypothesis, with FA being significantly decreased and RD significantly increased in the Krabbe dogs. Thus, the internal capsule findings in dogs aged 9 weeks and those aged 12 weeks were not only unexpected, but they significantly differed from findings in the centrum semiovale.
A potential explanation for the unexpected findings in the internal capsule in the dogs aged 9 and 12 weeks is the possibility that inflammation and astrogliosis are the predominant factors influencing white matter in Krabbe dogs at this age, rather than demyelination, or that inflammation contributes to faster disease progression, leading to pelvic limb paralysis at a younger age. In previous studies of cuprizone-induced demyelination in the mouse corpus callosum, RD was increased in mice chronically exposed to cuprizone compared to unexposed controls, but was unchanged at 4 weeks of exposure despite histological evidence of demyelination. 27, 28 In one of these studies, although inflammatory cell infiltration was greatest at 4 weeks of exposure, RD was unchanged (rather than increased) at that time point. 25 This finding raises the possibility that factors such as inflammatory cell invasion cause decreases in RD that counterbalance the expected increase in RD caused by demyelination. In addition, in a study of Creutzfeldt-Jakob disease (CJD) in humans, diffusely decreased mean diffusivity and radial diffusivity was found in patients affected with sporadic CJD, which appeared to be associated with histological measures of microglial infiltration and astrogliosis. 29 These findings raise the possibility that more severe inflammation, astrogliosis, and, perhaps, other microstructural changes occur in some animals. Future studies that correlate histological measures of inflammation with quantitative DTI metrics in the same specimens will be needed to definitively establish the causes of the unexpected findings we have seen in the dogs under 16 weeks of of age. Notably, our findings in these younger dogs differs from findings in human patients and suggest that changes in DTI metrics are not specific to factors such as demyelination in canines.
This study was subject to a number of limitations. First, our sample size was small, with only one dog of each phenotype of each age. This fact was due to the limited availability of canines affected with Krabbe disease and the variability in age at humane endpoint. Future studies comparing DTI findings in larger cohorts of affected and control dogs of the same age may be valuable to confirm the results of the present study. Second, because we were imaging brains ex vacuo, serial imaging of brains at different ages was not possible. Hence, a longitudinal comparison within the same brain was not possible. Additionally, since these animals were part of a natural history study examining disease progression, animals were allowed to progress to humane endpoint prior to euthanasia. This design did not allow for an examination of DTI metrics at different stages of disease.
In conclusion, the results of the present study demonstrated that, despite all animals developing pelvic limb paralysis, changes in FA and RD differ at different ages, suggesting that age-dependent combinations of normal and pathological microstructural changes may contribute to changes in FA and RD. Therefore, DTI metrics may not be specific for factors such as demyelination in canines, and should be considered in the context of the age of the subjects in question. Serial in-vivo DTI comparisons between Krabbe affected canines and controls will be needed to follow disease progression and measure response to treatment.
